Development, in vitro and in vivo evaluation of dexketoprofen trometamol (DT)-loaded nanosized drug delivery system was aimed in this study. DT-loaded solid lipid nanoparticles (SLNs) were prepared using probe sonication. DT release from SLNs prepared and their kinetics were investigated. Structures of SLNs were elucidated by particle size and zeta potential measurements, shape and surface imaging, thermal analysis, X-ray diffraction, FT-IR and 1 H-NMR determinations. DT-loaded particles demonstrated characteristic plaque shapes while in vitro release studies showed extended release of DT. Korsmeyer-Peppas kinetic model was found to fit the best using DDSolver software program. Stability, cytotoxicity and in vivo animal experiments were further performed on DT-loaded SLN showing also prolonged analgesic activity in mice. Depending on the in vitro and in vivo test results, formulation developed in this study seems to prolong DT release and is promising for extending analgesic activity.
INTRODUCTION
Pain is defined as unpleasant or emotional experience associated with actual or potential tissue damage. Physical and psychological factors combine together to form the pain experience and thus being variable and multi-dimensional. Although pain has a useful function in preventing tissue damage, there is no similar benefit in the postoperative period or as it becomes chronic. Acute pain which is a sign of tissue damage is an evidence of a functional nervous system. Autonomic hyperactivity reactions such as hypertension, tachycardia, excessive sweating and vasoconstriction are observed with acute pain. Patient population with chronic pain is very high throughout the world. Annual expenditure on pain treatment is higher than many other diseases [1, 2] .
Non-steroidal anti-inflammatory drugs (NSAIDs) and narcotic analgesics are the most commonly used drugs in pain treatment. NSAIDs are simply called 'anti-inflammatory analgesics'. The analgesic effect of a NSAID is lower than narcotic analgesics but it is the most commonly prescribed analgesic active substance group because of its non-dependence and non-narcotic state. The use of NSAIDs for long-term inflammationrelated treatment is one of the most important benefits of this group as narcotic analgesics do not have antiinflammatory activity. Although NSAIDs are a popular group in the treatment of pain, side effects can be observed in the gastrointestinal system (GIS) ranging from dyspepsia to stomach uptake, which can lead to death. NSAIDs are sold in many countries as over-the-counter (OTC) drugs [3, 4] . Anti-inflammatory effect of NSAIDs is by directly inhibiting prostaglandin synthesis though inhibiting cyclooxygenase (COX) enzyme and resulting consequently in inhibition of inflammation [5] . A NSAID, aryl propionic acid is a racemic mixture of two enantiomers. The S (+) enantiomer shows cyclooxygenase (COX) inhibition [6] where dexketoprofen trometamol (DT) (ketoprofen S (+) tromethamine salt) is an example. While the analgesic and anti-inflammatory effects of S (+) enantiomer in racemic ketoprofen strongly inhibits prostaglandin synthesis in vitro, R (-) enantiomer is devoid of those activities. DT which is a D-converting enantiomer of non-steroidal ketoprofen was used for more than 20 years as an analgesic all over the world with its analgesic effect lasting 4-6 hours [7, 8] . DT, produced as the water-soluble salt of dexketoprofen, is used in the European Union countries for the symptomatic treatment of all mild to moderate pain such as musculoskeletal pain, dysmenorrhea and dental pain as immediate release standard tablets at doses of 12.5 mg and 25 mg. In a study comparing DT and ketoprofen in healthy volunteers, DT demonstrated rapid plasma absorption with high plasma concentration and was a good choice for acute use [9] . Chemical structure of DT is presented in Figure  1 . Solid lipid nanoparticle (SLN), one of the nanotechnology-based drug delivery systems, has recently gained attention for providing controlled release of drugs in the body. SLNs are biodegradable/biocompatible colloidal drug delivery systems with particle size of 50-1000 nm and which are stabilized by surfactant and solid at room/body temperature. SLN was developed as an alternative system to liposomes and polymeric nanoparticles [10] . SLN has several advantages over other colloidal carrier systems including increase in stability, extended release and targeting of active agents. Both lipophilic and hydrophilic active agents can be loaded into SLNs [11] . Besides its advantages SLN system has some disadvantages limiting its use among which are low loading capacity, leakage of active agent at storage conditions and high content of water in dispersion (70-99.9%) [12] .
The most frequently used methods in SLN production are high pressure homogenization, microemulsion, cold/hot homogenization, solvent emulsification, diffusion, high speed mixing and ultrasonication methods [13] . High-speed mixing and ultrasonication methods can be used either together or separately representing common and easy application. The problem of micrometer sized particles obtained with mixing at high speed can be overcome by ultrasonication [11] . Ultrasonic devices are basically divided into three classes: ultrasonic bath, ultrasonic probe and sono-reactor devices. Basic difference between an ultrasonic probe and an ultrasonic bath is that ultrasonic probe is in direct contact with the solution or mixture [14] . All types of sonication are available in a range of intensity and output power settings, sometimes adapted with a different type of sonotrode for specific processes or requirements and are suitable for liquid volumes ranging from 2 to 250 mL. Although probe ultrasonication is known to perform better than bath sonication because of high localized intensity. Similarly, an ultrasonic probe fitted with a vial tweeter is advantageous over the direct probe due to the above-mentioned contamination risks as well as the operation friendliness of the equipment. Several vials are sonicated at the same time and at the same intensity. This not only saves time but ensures that all the samples are treated equally, which makes the results among samples more reliable and comparable [15] .
SLN formulations generally consist of solid lipid, surfactant and water. Among the solid lipids used for SLN preparation are triglycerides, partial glycerides, fatty acids, steroids and waxes. All surfactant groups were used to stabilize lipid dispersions regardless of their amount and molecular weight [11] . Compritol ® 888 ATO is a solid lipid composed of a mixture of glycerol monobehenate (12-18% w/w), glycerol dibehenate (45-54% w/w) and glycerol tribehenate (28-32% w/w). Its melting point is in the range of 69-74°C and its HLB value is about 2 [16] . It is physically present as a fine white powder or semi-solid pellet. Compritol ® 888 ATO is used as an active ingredient encapsulation, as a lubricant in tablet or capsule formulations and also as a vehicle in matrix tablets [16] . Dynasan ® is a solid lipid constituting of a chemical mixture of di-and triglycerides. Melting point of Dynasan ® , which is physically fine white powder, is 55-58° C. Dynasan ® 114 is used as a lubricant in modified or sustained release drug delivery systems and in tablet/capsule formulations [17] . Compritol ® 888 ATO and Dynasan ® 114 was preferred in this study because it has acceptable regulatory and safety profiles and can be applied as an innovative adjuvant in pharmaceutical technology [16, 17] .
In this study, Compritol ® 888 ATO and Dynasan ® 114 SLNs were formulated for controlling release of DT aiming efficient treatment of pain. Probe ultrasonication method was used to prepare DT-loaded SLN formulations. In comparison to other ultrasonication methods, the same conditions can be easily achieved during the preparation process and repeatability ratio is higher with the probe sonication method [15] . Additionally, particle size and distribution can easily be governed by the researcher by changing the amount of power applied in the probe sonication method, which allows working at low sample volumes. Within the context of SLN studies, no DT-loaded SLN system was developed so far.
RESULT AND DISCUSSION

Characterization
Particle size, polydispersity index and zeta potential
Particle size, polydispersity index, zeta potential and drug loading efficiency results obtained are given in Table 1 . SLN preparation parameters are the main factors affecting particle size and distribution. In probe ultrasonication method, particle size is decreased by increases in ultrasonic power and ultrasonic power application time [18] . Small particle size was obtained in this study by probe ultrasonication method. Polydispersity index (PDI) is the parameter used to define particle size distribution. PDI value can be in the range from 0.01 to about 0.5-0.7 for single phase systems. Values higher than 0.7 are indicative of a very large particle size distribution [19] . PDI values of SLN formulations prepared in this study were found to be in the range of 0.213-0.345 which showed uniform distribution. Zeta potential value is very important in assessing the physical stability of colloidal systems and their interaction with biological membranes. Colloidal particles are loaded positively or negatively by adsorbing ions from the dispersion medium where zeta potential value indicates net effective load on the particle. High zeta potential value (+/-30 mV) represents stable colloidal dispersion. Generally, particle clustering is less likely to occur with high zeta potential value due to electrical repulsion between particles [20, 21] . In this study, zeta potential values of -8.72±1.51 mV (mean±SE), -11.60±0.15 mV (mean±SE), -11.60±0.15 mV (mean±SE) and -13.55±0.70 mV (mean±SE) were determined for COMP-E, COMP-DT, DYN-E and DYN-DT, respectively. It can be predicted that the formulations prepared are unstable in long term according to the literature. Figure 2 . SLN formulations may be in the form of platelets or spheroidal distant because of the tendency of some lipid particles to crystallize [11] . In this study, characteristic plate shapes were obtained. No specific DT crystal structure observed indicated successful loading of DT into solid lipids.
Differential scanning calorimetry (DSC)
DSC profiles of formulations are given in Figure 3 . No new peak belonging to lipid appeared in the DSC profiles of SLN formulations. This showed that Compritol ® 888 ATO and Dynasan ® 114 do not interfere with DT or there is no incompatibility. Melting points of the SLN formulations prepared in this study were slightly lower than that of pure solid lipid which may be attributed to small particle size/increased surface area obtained by the probe ultrasonication method or to the presence of low surfactant in the medium or this depression was attributed to defects in crystalline lattice. Ingredients, like surfactants, distributed in the melted lipid phase during the production process of SLNs distort crystals resulting in a lower melting enthalpy. Depression in melting point of the SLN can also be explained by the Kelvin effect, particles in the nanometer range and their specific surface area. Reduced particle size and increased surface area lead to a decrease in the melting enthalpy compared to the heat flow though larger crystals [22, 23, 24] . 
X-ray diffractometry (XRD)
XRD profiles of formulations are given in Figure 4 . Based on the knowledge that reference and experimental DSC peaks both represent a family, crystal structures observed for pure Compritol ® 888 ATO and Dynasan ® 114 were found not to be degraded under SLN preparation conditions [23] . However, diffraction pattern and peak intensity values were reduced in the profiles of formulations prepared in parallel to the results in the literature [25] . In XRD profiles of SLN formulations, overlapping peaks at 2Ɵ i.e. similar peaks with pure lipids showed that there were no changes in the structures of lipids due to preparation conditions. However, specific DT peaks were not observed in the XRD profiles of SLN formulations which may be due to the low concentration of DT [24] . Similar results were observed in the study of SLN formulations containing cyclosporine-A. It has been discussed that the cyclosporine-A peak cannot be detected in XRD models of formulations due to the low concentration of cyclosporine-A [24] . 
Fourier transform infrared spectrophotometry (FT-IR)
FT-IR spectra of formulations are given in Figure 5 . FT-IR analysis is performed to examine possible microstructural changes in the lipid structure and to prove that crystal structure is preserved. Identical FT-IR spectra of COMP-E and DYN-E with the pure solid lipid spectrum showed that preparation parameter of 60% amplitude probe sonication for 5 min did not alter solid lipid structure [26] . FT-IR spectra of COMP-DT and DYN-DT was found to be similar to FT-IR spectra of COMP-E, Compritol ® ATO 888 and DYN-E and Dynasan ® 114, respectively. DT is characterized by an intense band at 1020 cm −1 . Vibrations at 1571 cm −1 , 1536 cm −1 , 1020 cm −1 , 881 cm −1 , 771 cm −1 and 641 cm −1 indicate the purity of DT [26] . Characteristic DT peaks were less intense in the FT-IR spectra of the physical mixtures. Compared with pure solid lipid, low density in some regions of FT-IR spectra of COMP-DT and DYN-DT were interpreted as new crystal lipid cages. Slight shifts in the functional groups and reduction in the densities of some peaks proved the presence of hydrogen (H) bond between DT and solid lipid. In the light of the FT-IR spectra, no change was found in the lipid structures and DT was found to be encapsulated into solid lipids [24] .
Nuclear magnetic resonance (NMR)
1 H-NMR spectra of formulations are given in Figure 6 . In this analysis, SLN formulations were lyophilized to remove water from the formulations in order to avoid 1 H-NMR signals and then analyzed. When results of 1 H-NMR analysis were evaluated, no significant difference between formulations without DT and pure lipid spectra was determined. Spectra showed clearly that there was no structural changes with the effect of other ingredients or preparation conditions. Characteristic DT peaks at 7-8 ppm appeared to be low in the spectra of COMP-DT and DYN-DT which was attributed to the low concentration in the formulations, however suggesting DT encapsulated into solid lipids [24, 26, 27] . 
Drug loading efficiency
HPLC method developed was validated for precision, accuracy, specificity and linearity. Linearity was determined to be at the concentration range of 10-80 μg.mL -1 . The method developed for DT was decided to be precise due to RSD values of <2% for repeatability and intermediate precision. Recovery of the method was satisfactory owing to <2% RSD value. Conclusively, procedure proposed in this study can be used for routine, simultaneous and concurrent DT determination. Validation of the HPLC method used for the determination of DT was determined using 8 (10 μg.mL -1 , 20 μg.mL -1 , 30 μg.mL -1 , 40 μg.mL -1 , μg.mL -1 , 60 μg.mL -1 , 70 μg.mL -1 ,80 μg.mL -1 ) different concentrations and DT showed a linearity of y = 67363x-243811 (r 2 = 0 9999) linearity, accuracy of 100.768%±0.3975, 99.964%±0.439 and 99.533%±0.312 for the concentrations of 20 μg.mL -1 , 40 μg.mL -1 and 60 μg.mL -1 , respectively (n= 6). Limit of detection (LOD) was determined to be 0.5613 μg.mL -1 while limit of quantitation (LOQ) was 1.7010 μg.mL -1 .
Drug loading efficiency results are given in Table 1 . Nanoparticles are particles composed of natural/synthetic polymers and lipids and which are smaller than 1000 nm [28] . Active ingredient may be present in the matrix or adsorbed onto its surface. Therefore, when analyzing the amount of active ingredient in the nanoparticle system, both the amount encapsulated and the amount adsorbed onto the lipid surface should be determined [28] . Loading efficiency of the COMP-DT and DYN-DT formulations was found to be 8 .802%±1.747 (mean ± SE) and 11.612%±0.204 (mean ± SE), respectively. This is in agreement with the low loading capacity, which is one of the disadvantages of the SLN systems. 
In vitro release
In vitro release studies play an important role in the formulation and quality control of drug delivery systems. In vitro release test results are used not only for monitoring the stability of the drugs but also for predicting the in vivo absorption of drugs. It is a much cheaper and faster method than expensive in vivo absorption studies. For this reason, in vitro release studies are frequently used and of great interest in the pharmaceutical field [29] . In vitro release profiles of pure DT and SLN formulations are presented in Figure 7 and also 2-hour release profiles are given in Figure 7 to provide a more detailed picture of the release in the first time interval. The fact that DT has a short half-life and rapid release from the commercial tablet formulation requires the patient to administer the drug at least three times a day. In this study, the aim of preparing SLN is to provide the initial dose with the amount of DT on the surface and the maintenance dose with DT loaded into the particles. Release of pure DT reached 92.217±0.682% (mean±SE) within the first two hours. On the contrary, it is clearly seen in the release profiles of SLN formulations that in vitro release is prolonged. Initial rapid release observed in SLN profiles is most probably due to dissolution of DT adsorbed on the particle surface and DT encapsulated was continuously released for 48 hours. DT released at the 48th hour from COMP-DT and DYN-DT was found to be 67.742%±0.128 (mean±SE) and 45.767%±2.571 (mean±SE), respectively. Among the SLN systems prepared COMP-DT seems to provide the intended activity considering the significance of proper release for orally administered nano-systems.
Kinetics of in vitro release
Significant progress was made over the past years in the design and use of controlled release forms instead of conventional dosage forms. Many medicinal active agents in the market have controlled release dosage forms. Most of the drugs are released from controlled systems at zero degree or first degree, or at zero or first order kinetics after a rapid release [30] . Drug release data are evaluated using many mathematical models and statistical parameters. Most of those models contain nonlinear equations. In order to overcome the absence of a program that uses mathematical models, difficulty of comparing profiles, many experimental errors and information from user error, researchers developed DDSolver program which can evaluate 40 different dissolution parameters in the evaluation of release data [29] .
Kinetic modeling of in vitro release from COMP-DT and DYN-DT by DDSolver software program is given in Table 2 . In this study, DDSolver program was used to shorten the calculation time, to eliminate calculation errors and to determine the correct release profile. When all SLN nanoparticles were analyzed for cumulative DT dissolution, they appeared to be released for 48 hours. After calculation, data transferred to DDSolver program to determine thee important criteria, rate constant (k), Akaike information criteria (AIC) and coefficient of determination (r 2 ). The highest k and r 2 values and the lowest AIC values were used for evaluation [31] . Zero-order kinetics, first-order kinetics, Higuchi, Hopfenberg, Hixon-Crowell and Korsmeyer-Peppas models were selected for evaluation in DDSolver program.
It was determined that release profiles from COMP-DT and DYN-DT were in agreement with the Higuchi and Korsmeyer-Peppas models. Comparing those two models using the evaluation criteria, Korsmeyer-Peppas model was selected as the most suitable model. Korsmeyer-Peppas model is a model representing release in a controlled manner from a matrix system [30] . Therefore, it was concluded that SLN formulations which fit best to Korsmeyer-Peppas model are controlled release matrix systems. In this study, the COMP-DT coded formulation was chosen as the optimum formulation because it exhibited a more efficient release profile. Stability, cytotoxicity and in vivo animal experiments were performed on optimum formulation. Particle size, PDI, zeta potential and drug loading efficiency analysis were performed for COMP-DT in the stability studies. Particle size, polydispersity index, zeta potential and drug loading efficiency results obtained in stability study are given in Table 3 . [32] . The PDI values of COMP-DT coded KLN formulation were determined to be less than 0.7 during the stability period and it was concluded that uniform distribution was maintained. COMP-DT, freshly prepared formulation had -10.80±0.05 mV zeta potential value. At the end of 6 months, zeta potentials 13.75±1.15 mV (p0.05), -14.25±0.85 mV (p0.05) and 12.25±0.95 mV (p0.05) for the formulations kept at 4 °C ± 1 °C, 25 °C ± 1 °C and 40 °C ± 1 °C, respectively. As a result, it was determined that zeta potential of SLN formulation remained at negative values after 6 months [32] . DT content in freshly prepared SLN formulation was determined to be 8.802±1.747 (% content ± SE). Drug loadings at the end of 6 months were 8.050±1.440 (p > 0.05), 7.789±1.978 (p > 0.05) and 7.654±1.068 (p > 0.05) for the formulations kept at 4 °C ± 1 °C, 25 °C ± 1 °C, and 40 °C ± 1 °C, respectively (Table 4 ). There seems to be no significant changes in DT content under different stability conditions.
Cytotoxicity
Cytotoxicity was investigated in a wide range of concentration from 0.05 μg.100 μL -1 to 100 μg.100 μL -1 . Cytotoxicity's of all SLN formulations with respect to time and concentration are given in Figure 9 together with their standard deviation (±) values. IC50 values were determined to be 75 μg.100 μL -1 at 24 hours and 25 μg.100 μL -1 at 48 hours only in DT treated wells. IC50 value of COMP-E formulation was determined to be 7 μg-100 μL -1 at 24 hours while this value decreased to 5 μg.100 μL -1 at 48 hours. For COMP-DT, IC50 value was determined to be 25.93 μg-100 μL -1 after 24-hour incubation and this value was found to be 11.71 μg.100 μL -1 after 48-hour incubation. In this study, MTT assay was used to determine cytotoxicity's of all formulations. This test develops a quantitative colorimetric assay via tetrazolium salt of mammalian cell survival and proliferation. It detects living cells, not dead cells, and viability depends on the degree of activation of signaling cells produced. Studies with Compritol ® are available in the literature [33, 34, 35] . In a study, IC50 value at 72 hours was determined as 471.48 μg.mL -1 for Compritol ® SLNs with no active ingredient [36] . In the only study with DT, significant cytotoxicity and reduction in cell proliferation at 24, 48 and 72 hours were shown in vitro on primer chondrocytes compared to control cells not treated with DT [37] .
In this study, IC50 value of COMP-E was found to be lower than that of nanoparticles containing DT after 24 hours of incubation. This suggests that DT is also localized on the lipid particles during SLN preparation and that it is first solubilized before solid lipid in the cell culture. Therefore, toxicity is thought to be low due to less toxicity of DT. Higher cytotoxicity as time progresses may be attributed to disintegration of formulations and the resulting residues.
In vivo study
In vivo study results of COMP-DT are given in Figure 9 . Figure 9 shows the results of the hot plate test conducted to evaluate the analgesic activity of DT and COMP-DT. When the analgesic efficacy of COMP-DT containing 10 mg.kg -1 of DT and 10 mg.kg -1 of DT alone was compared with the control group (physiological saline/serum physiologique: SP), statistically significant difference between DT and the control group was determined at the 1 st hour (p<0.01) while no significant difference was found at the 3 rd , 6 th and 9 th hours. However, DT was relatively effective at the 3 rd hour. Comparing analgesic activity of COMP-DT and the control group, significant difference was determined at all hours (1 st h., p<0.001; 3 rd h., p<0.001; 6 th h., p<0.001; 9 th h., p<0.05) (Figure 9 ). This may be explained by the smaller size and presence of higher amount of superficial DT of COMP-DT which can easily be transferred to the central nervous system and exert significant analgesic efficacy. Comparison of analgesic activities of COMP-DT and DT showed no significant difference at the 1 st and 3 rd hours but significant difference (p<0.001) at the 6 th and 9 th hours. Conclusively, data obtained in the hot plate test demonstrated maximal activity of pure DT at the 1 st hour with decrease in antinociceptive effect at the other testing times while all formulations maintained their analgesic activities up to 9 hours.
In the tail immersion test, analgesic efficacies of COMP-DT containing 10 mg.kg -1 DT and 10 mg.kg -1 pure DT was compared first with the control group (SP) and then with pure DT (Figure 9 ). Pure DT and control group were found to be statistically different (p<0.05) at the 1 st hour while there was no significant difference at the 3 rd , 6 th and 9 th hours, as in the hot plate test. Maximum analgesic efficacy of DT was at the 1 st hour, decreasing gradually and disappearing at the following hours. When the analgesic efficacy of COMP-DT was compared with the control group, analgesic effect was observed at all time intervals. However, it presented relatively high analgesic effect (p<0.001) only at the 6 th hour. Comparison of analgesic activities of COMP-DT and pure DT, showed no significant difference at the 1 st hour but significant differences at all other hours (6 th h, p<0.001; 9 th h, p<0.05) (Figure 9 ). As a result of tail immersion test, it was found that pure DT with maximal effect at the 1 st hour gradually lost its effect while COMP-DT showed analgesic activity even at the 9 th hour. Writhing test which is used for evaluating analgesic activity at the peripheral level demonstrated significant difference (p<0.001) between the control group and both pure DT and COMP-DT at all times up to 9 hours (Figure 9 ). There was no significant difference between the peripheral analgesic effects of pure DT and COMP-DT at the 1 st and 3 rd hours while significant difference was found at the 6 th and 9 th hours (6 th h, p<0.001; 9 th h, p<0.001). Conclusively, pure DT provided maximum efficacy at the 1 st hour with decrease at all other times, however COMP-DT demonstrated sustained peripheral analgesic activity pattern at all testing times.
When all the in vivo results obtained were evaluated together, it was observed that both the central and peripheral analgesic effects of COMP-DT were similar to each other while the effect of pure DT decreased after the 1 st hour. Similar activities of pure DT and COMP-DT at the 1 st hour may be attributed to DT adsorbed onto the particle surface during preparation which dissolves rapidly in the in vivo environment exerting its analgesic effect. It was also determined that DT incorporated into SLNs maintained analgesic activity up to 9 hours which indicated sustained pattern.
Dexketoprofen trometamol loaded nano-system studies
When literature review is performed, it is seen that there are studies of nanoparticles containing DT. In one of these studies, spray dried nanoparticles were obtained using Eudragit RS 100 and Kollidon SR polymers [4] . In a similar study, the same technique but a different polymer, Eudragit RL 100, was used [2] Another DTcontaining study in the literature is PLGA nanoparticles prepared by double emulsion solvent evaporation method [26] . When these studies were examined, oral administration was aimed as in this SLN study and promising results were obtained. There are some differences in both this study and previous studies compared to each other. When particle sizes are examined; smaller particle sizes were obtained with SLN and PLGA nanoparticles. Previous studies and this study were evaluated in terms of drug loading and release; PLGA nanoparticle study can be said to be the most optimal study.
CONCLUSION
In this study, Compritol ® ATO 888 and Dynasan ® 114 solid lipid nanoparticles were prepared aiming prolonged analgesic activity of dexketoprofen trometamol. Dexketoprofen trometamol loaded solid lipid nanoparticles were successfully prepared by the probe sonication method. Dexketoprofen trometamol-loaded solid lipid nanoparticles exhibited nanostructures while in vitro release showed sustained release of Dexketoprofen trometamol. Particle size of nanoparticles obtained were in the range of 92-137 nm. Low drug loading efficiencies (%) were obtained (8-12%) for all formulations prepared. Following oral administration of dexketoprofen trometamol-loaded Compritol ® ATO 888 solid lipid nanoparticles to mice, both central and peripheral analgesic effects were found to be extended in comparison to pure DT.
MATERIALS AND METHODS
Materials
Dexketoprofen trometamol was a kind gift from Abdi İbrahim (Istanbul, Turkey). Compritol ® ATO 888 (Glyceryl behenate) and Dynasan ® 114 (Trimyristin) were products of Gattefosse (France) and Sasol (Germany), respectively. Methanol, dimethyl sulfoxide and deuterated chloroform were all purchased from Merck (Germany). Acetonitrile, potassium phosphate monobasic and sodium hydroxide were obtained from Sigma-Aldrich (Germany). All other chemicals and reagents used were of pharmaceutical and analytical grade.
Methods
Pre-formulation and formulation of SLN
Different solid lipid-surfactant ratios were tested using the same probe sonication (Sonics ® , USA) powers (60%) to decide the optimum SLN formulations [38, 39] . Preformulation studies were performed with formulations containing 5-10% Compritol ® ATO 888, 1-10% Tween ® 80 and 80-94% distilled water. Briefly explaining, solid lipid was heated to a temperature 10°C above its melting point and mixed with the aqueous phase containing the surfactant which was also heated to the same temperature. 5 min probe sonication at 60% amplitude was applied on formulations. The same procedure explained above was performed for Dynasan ® 114.
Once the procedure parameters were decided, different formulations with no DT but containing different ingredient ratios were prepared and tested for their particle size and zeta potential values. Ingredient ratios of the optimal blank formulation are given in Table 3 . 
DT-loaded SLN formulation
SLN formulation containing DT was prepared just like the blank SLN formulation with DT addition to molten lipid. Formulation prepared was sonicated for 5 min at 60% power and left to cool down at room temperature. The same procedure was performed for Compritol ® ATO 888 and Dynasan ® 114. SLN formulations containing DT are presented in Table 4 . Particle size, polydispersity index and zeta potential measurements were achieved following preparation of DT formulations containing DT and the optimum formulations to be used in further studies were selected. Optimum blank and DT-loaded SLN formulations selected are given in Table 5 . 
Characterization
Particle size, polydispersity index and zeta potential
Particle size and distribution of SLN formulations prepared were measured by dispersing in distilled water. Particle size and distribution values were determined using a Zetasizer Nano ZS (Malvern, UK) instrument.
Zetasizer Nano ZS (Malvern, UK) instrument was used also to determine the zeta potential values of SLN formulations. Measurements were carried out in a disposable folded capillary zeta cell at 25°C room temperature after dilution with distilled water.
Morphology
Particle shape and surface properties of freshly prepared SLN formulations were determined using SEM (Scanning Electron Microscope) (Zeiss Ultra Plus Fesem, Germany) after spreading samples on carbon tape and coating with gold.
Differential scanning calorimetry (DSC)
Pressure-assisted aluminum sample vessel, nitrogen gas flow rate of 50 mL.min -1 , temperature increase rate of 10°C.min -1 in 30-300°C range and an aluminum reference were employed for thermal analyses of SLN formulations using DSC (Schimadzu DSC-60, Japan).
X-ray diffractometry (XRD)
XRD analyses of the lyophilized SLN formulations and pure material were performed with a Rikagu generator (XRD Rikagu Rint 2000, Japan) at a speed of 40 kV, 30 mA current intensity, 2 Ɵ angle and at a speed of 2°/min -1 in 2-40° range.
Fourier transform infrared spectrophotometry (FT-IR)
FT-IR spectra of lyophilized SLN formulations were determined by FT-IR (Schimadzu IR Prestige-21, Japan) instrument at 4000-500 cm -1 wavelengths. The lyophilized SLN formulations and pure material were placed with directly on the relevant section of the FT-IR device.
Nuclear magnetic resonance (NMR)
NMR analyses ( 1 H-NMR) of the 10 mg lyophilized SLN formulations prepared and pure material were achieved by dissolving in 500 μL deutero chloroform (CDCl3) using NMR (Bruker 500 MHz Ultra Shield TM NMR, Germany) instrument. Solution prepared in tubes specially manufactured for NMR instrument.
Drug loading efficiency
HPLC (Shimadzu-20 A, Japan) was used with reversed-phase NUKLEODUR column (4.6 mmx250 mm, C18 Gravity, 5 μm) for the determination of DT using a modified method. 25:75 (v/v) acetonitrile-methanol was used as the mobile phase following preliminary tests for the best resolution of DT. Flow rate of the mobile phase was 1 mL.min −1 and a constant amount of 25 μL was injected via an automatic injector (Shimadzu, Japan). Fluorescent detector (Shimadzu, Japan) was used at 258 nm and the column temperature was set to 30°C. HPLC method used was validated [40, 41] .
Dynasan ® 114 is slightly soluble in n-hexane and diethyl ether while Compritol ® ATO 888 is soluble in methylene chloride, chloroform and dichloromethane but insoluble in alcohol derivatives and water [42, 43] .
For SLN formulations, mobile phase was used as the solvent in which DT dissolved but neither Compritol ® ATO 888 nor Dynasan ® 114 dissolved in order to determine the amount of DT adsorbed onto the surface. 5 mg formulation was put in Eppendorf tube and 2 mL of mobile phase was added. After keeping in ultrasonic bath for 5 min, the upper transparent portion was centrifuged for 10 min at 11.000 rpm and then filtered through polyamide filter and analyzed after dilution.
Analysis of the encapsulated DT was carried out using the method described in the literature [24] . 2 mL of mobile phase was added to the remaining particles. The structure of the SLN formulation deteriorated by standing for 15 minutes at 80-85°C, in the ultrasonic bath. Immediately after heating, Eppendorf tube was deep frozen at a temperature of -18±1°C and solid lipid was precipitated. Following this process, the supernatant solution was centrifuged at 11.000 rpm for 10 min and then filtered through polyamide filter and analyzed after dilution to determine the amount of DT entrapped. The experiment was repeated 3 times. Equation 1 was used to calculate the drug loading efficiency (DL%) [44] .
(Eq 1.)
In vitro release
In vitro release of DT from SLN formulations were investigated over 48 h using a dialysis membrane. COMP-DT and DYN-DT formulations equivalent to 1 mg of DT was placed in the cellulose acetate dialysis bag (with a MW of 12-14 kDa, Sigma), 1 mL of dissolution media was added and the bag was then sealed at both ends. Dialysis bag was then placed into an amber glass beaker containing 100 mL of PBS (pH 7.4) as the dissolution medium at 37°C±0.5°C while stirring continuously at 100 rpm. The receptor compartment was closed to prevent evaporation of the dissolution medium. Samples (1 mL) were withdrawn at regular time intervals and the same volume (1 mL) was replaced by fresh dissolution medium. Samples were then tested by the validated HPLC method.
Kinetics of in vitro release
To determine the release kinetics, data obtained from in vitro drug release studies in phosphate buffer (pH 7.4) were analyzed by a software program DDSolver [29] .
Six month stability study of SLN formulation
The storage stability of DT loaded SLN formulation was followed to ICH Q1(R2) at 41C, 251C and 401C up to six-months. In the stability studies; particle size, PDI, , zeta potential and drug loading efficiency were examined at certain time intervals. The characterizations in stability study were made as described in the upper section [32] .
Cytotoxicity
Cell culture
The NIH/3T3 mouse embryonic fibroblast cells were obtained from the American Type Culture Collection (ATCC, USA). Cells were incubated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Sigma Aldrich, Germany) and penicillin-streptomycin (10.000 U penicillin and 10 mg streptomycin.mL -1 ) (Sigma Aldrich, Germany) at 37°C in a humidified atmosphere containing 5% CO2. Passages were performed at appropriate intervals for cytotoxicity studies while the cells continued growing.
Cytotoxicity assay
Cytotoxicity of formulations on NIH-3T3 mouse embryonic fibroblast cells were determined by MTT (3-(4,5-dimethyl thiazol-2yl)-2, 5-diphenyl tetrazolium bromide) assay method [45, 46] . Briefly, cells were cultured in 96-well flat-bottom (Greiner CellStar, Germany) culture plates for 24 h (2×10 4 cells per well). After 24 h of preincubation, fresh growth media which contained different concentrations of formulations were added to the wells to give final concentrations in the range of 5-1000 μg.mL -1 . Cytotoxic effects of formulations were evaluated at the end of 24 and 48-h incubation. Following removal of culture medium, 20 µL MTT solution (5 mg.mL -1 in PBS) was added and the plates were incubated for 4 hours. At the end of the incubation time, formazan crystals were solubilized by adding 200 μL DMSO to each well and absorbances were determined at 570 nm with a microplate reader (BioTek Cytation5, Germany). Results were expressed as the percentage of inhibition compared to control cells where cell survival was presumed to be 100%. Cells treated with medium only served as a control group. Control cells were Experiments were performed in triplicate.
In vivo study
Both sex Swiss Albino mice (30-35 g) were used for in vivo studies. During the study, all animal experiments were carried out in accordance with the ethical rules laid down by the International Association of Pain Research (IASP) and the EU Directive 2010/63 / EU for animal experiments. Animal experiments were approved by the ethical committee of Eskişehir Osmangazi University Animal Experiments Local Ethics Committee (Decision No: 519-1, 12.05.2016). Animals were housed at 20±2°C with 12 h light/dark cycle and had free access to water and food. Mice were brought to the experimental room 1 day before the study and thus adaptation was provided. They were starved 12 h before application to prevent possible interactions.
3 groups were formed for hot plate and tail immersion tests (physiological saline control group, pure DT and COMP-DT). Experimental animals were randomly distributed in groups of 8 mice (4 males and 4 females). In the writhing test, the same groups were formed but every test hour had different groups because acetic acid could be administered once to each mice. Animals for writhing test were randomly grouped with 6 mice (3 males and 3 females).
COMP-DT (containing 10 mg.kg -1 DT) and DT (10 mg.kg -1 ) were orally administered in 0.1 mL physiological saline by a gavage needle. DT was dissolved in saline prior to administration while COMP-DT was administered directly. Control values were determined before drug application in hot plate and tail immersion tests. Data for the 1 st , 3 rd , 6 th and 9 th h following drug administration were collected. In the writhing test, separate groups were set up for a separate control group and for each item to be measured.
Hot plate test
Pain reflexes in response to thermal stimulus were measured using Hot Plate Analgesia Meter from Ugo Basile Instruments (No. 7280). Mice were put on the hot plate at 55±0.5°C for testing. Reaction times (hind paw licking, hind paw flicking or jumping) of pain responses at the 1 st , 3 rd , 6 th and 9 th h after drug administration were measured. The cutoff time was 20 sec for analgesic assays [47] .
Tail immersion test
Tail immersion method was used to evaluate the central mechanism of analgesic activity. Pain reactions of animals were produced by thermal stimulus though dipping tail tips into hot water. An area of tail was marked and immersed in water bath thermostatically maintained at 52.5±0.2°C (Heto, Allerod, Denmark). Withdrawal time of tail from hot water (in sec) was noted as the reaction time. Test was started 30 min after application. The maximum cutoff time for immersion was 15 sec to avoid tissue injury [47] .
Writhing test
This method was selected to evaluate the peripheral antinociceptive effect. Acetic acid induced writhing test is a chemical visceral pain model. Mice were injected with 10 mL.kg -1 of 0.6% acetic acid solution (i.p.) 30 min after the administration of DT or formulations. Number of writhes was counted 5 min after administering acetic acid for a duration of 10 min [47] .
Statistical analysis
Statistical analyses were performed by two-way ANOVA followed by Bonferroni's multiple comparison tests using GraphPad Prism version 5.0. The results were expressed as the mean±SE to show variation between groups. Differences were considered significant when p≤0.05. Results of the tail immersion and hot plate tests were given as the percentage of maximal possible effect (MPE%±SE) which was calculated with Equation 2 [47] . 
